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Abstract—Battery models often either fail to deliver
a complete picture of the physical phenomena occurring
in the cell or fail to minimize computational effort.
So far, the demand for a detailed internal thermal
model of battery cells with a reasonable computation
time has remained unanswered. This paper addresses
such question introducing a multi-domain model whose
accuracy makes it suitable for thermal management
system development, at a lower computational cost
than competing models. The approach features an
equivalent circuit parameter model with chemistry-
based parameters coupled with an internal heat trans-
fer model. The internal heat transfer model includes
different sections of the cell, addressing the anisotropy
and the temperature-dependence of physical proper-
ties. Material properties are partly based on man-
ufacturer’s data sheet, partly taken from literature.
The development software platform enables a sensible
reduction of computational effort with respect to tra-
ditional modeling techniques. Results were validated
against an aggressive current at different temperatures
and against current profiles obtained from two different
drive cycles at different ambient temperature. The
model proves to be very good in terms of accuracy.
Index Terms—Lithium-ion; batteries; thermal mod-
eling; thermal management
Nomenclature
Latin letters
A Area
b Translation coefficient
C Capacitance
c Concentration
cp Specific heat
D Diffusion coefficient
F Faraday’s constant
k Thermal conductivity
m Mass; angular coeffi-
cient
Q, q Energy dissipated as
heat
r Radial coordinate
T Temperature
t Time
z Axial coordinate
Greek letters
δ Debeye’s length
ε Porosity
θ Dimensionless concen-
tration; angular coordi-
nate
ρ Density
φ Percentage of liquid
phase
ψ Porosity
Subscripts
amb Ambient
be Bulk element
cc Current collector
e Phase change
el Element
elt Electrolyte
f Fluid
j Ohmic
ne Nearby element
r Reaction
s Solid
sol Solvent
0, o Initial
Abbreviations
DAE Differential Algebraic
Equations
ECM Equivalent Circuit
Model
IHTM Internal Heat Transfer
Model
ODE Ordinary Differential
Equations
SOC State of Charge
WLTC Worldwide Light-
Vehicle Test Cycle
I. Background
Battery-powered vehicles are reshaping both private
and public transport, enabling to cut oil-based fuels and
infrastructure costs [1], [2]. Such vehicles are causing a
paradigm shift in design from an internal-combustion-
engine-centered system, to a battery-centered system.
Lithium-ion batteries have become the preferred type,
having a low memory effect within an appropriate
temperature, voltage and current range, low self-discharge
effect when not in use and high energy-to-weight ratio [3].
However, battery cells present challenges as batteries
work well in a very limited temperature range and are
very sensitive to high temperature gradients: exceeding
such boundaries results in a drastic reduction in range
and capacity, together with a shortening of battery life, in
addition safety issues such as fires or explosions might also
occur at high temperatures [4], [5]. Exceeding the upper
temperature limit can result in electrolyte decomposition
and decrease of accessible surface, leading to capacity
and power fade. In addition, at low temperature
metallic lithium plating may occur, leading to electrolyte
decomposition and therefore capacity fade [6]. To contrast
battery degradation and overcome safety issues, battery
packs are often oversized and underused, resulting in
major increases in manufacturing and running costs [7].
In such context the need for accurate thermal charac-
terization of battery cells emerges as fundamental. Sev-
eral attempts have been made by researchers, pursuing
different modeling strategies such as electric, chemical,
thermal and multi-domain [8]. Among electrical models,
equivalent circuit models play a major role, especially if
representing electrical parameters of the cell as functions
of Lithium-ion concentration [9]. Although such models
are generally one-dimensional, it is possible to find some
notable exceptions such as multi-bunch methodologies
allowing a more detailed description of the cell topology
[10]. Chemical models, on the other hand, prove to be
accurate on a micro scale, providing detailed information
on the general behavior of a certain battery chemistry, but
failing in accurately representing a specific cell geometry
[11]. Thermal models present some challenges too. Battery
cells are composed of layers of different materials with
temperature-dependent physical properties, the correct
representation of such properties is fundamental in order
to achieve a good simulation performance [12]. Most avail-
able strategies neglect the thermal interaction of different
materials within the cell, often evenly distributed heat
2generation and constant thermal properties are assumed,
beside this, authors often make simplifying assumptions
about geometry [13], [14]. Multi-domain models combin-
ing different strategies achieve a better accuracy at the
expense of higher computational cost. Such simulations
require high-performance hardware and long computing
times, often forcing users to analyze simplified case studies
[15], [16]. The development of a low computational cost
multi-domain model would therefore be beneficial for the
investigation of battery thermal performances [17]. Such
tool would provide information that would help allow a
better thermal management system design optimization,
effectively increasing battery life. The aim of this paper
was to fill such research gap. The introduced method-
ology provides information of the thermal performance
on the battery cell based on the electrical behavior. The
concept presented in this paper relies on the combina-
tion of an equivalent circuit model in which parameters
are chemically-dependent with an internal heat trans-
fer model. The internal heat transfer model is built on
lumped-volume elements. The paper is structured as fol-
lows, the modeling methodology is first outlined. Then
two case studies are introduced as an example and finally
model data is compared with measured data from battery
cell experiments.
II. Preliminaries to battery modeling
Major strategies of representing batteries are chemical
models and Equivalent Circuit Models (ECMs). Multi-
domain battery models also have a good trade-off
between computational cost and result accuracy and can
feature ECMs [18], [8]. ECM parameters depend on cell
chemistry. With reference to [11], [19], [9], a thermal
simulation purpose-built ECM was developed. Accuracy
is influenced by boundary conditions and by how physical
and chemical processes are represented. This paper
proposes an improved ECM, coupled with an Internal
Heat Transfer Model (IHTM) that mimics the interaction
between solid electrodes and a liquid electrolyte. Different
discretization scales are allowed in ECM and IHTM.
Beside computational effort, the main problems that
were addressed were synchronization of scales, domains,
material interfaces and boundary conditions.
Cylindrical jelly roll cells are composed by a layered
structure of electrodes and separators rolled around a
central carbon (graphite) core. The assembly of cell active
materials and core is then placed inside a cylindrical can
and filled with liquid electrolyte. Figure 1 shows the cell
structure.
Several composite materials are used in Li-ion battery
cells. There are three main elements: solid electrodes, solid
separators and liquid electrolytes. Cell electrodes include a
base material, a coating and host a metal current collector
inside them. Current collectors are made of Copper for the
anode and Aluminum for the cathode. Cathode coatings
can be of different materials, e.g. NMC cells are made of
a LiNi0.5Mn0.3Co0.2O2 active powder mixed with carbon
Figure 1: Cell structure.
black a polymeric binder and a solvent [20], [21]. Thermal
conductivity and specific heat are temperature dependent
and they can be linearized in a temperature range within
−40◦C and 60◦C [21], [22]. Separators prevent the contact
between the electrodes, enable free ionic transport and
isolate the electronic flow. Table I introduces an outline of
the order of magnitude of the thermal properties of battery
cells.
Table I
Thermal properties of cell materials
Layer Conductivity Specific heat Reference
[W m−1K−1] [J kg−1K−1]
Separator 0.21− 0.22 700 [21], [23], [24]
[25], [26], [27]
Cathode 0.375− 4.1 1437.4 [21], [27]
Cathode coating 0.375− 2.25 [21]
Cath. curr. coll. 240 900 [28], [29]
Anode 7− 17.6 1269.21 [21], [27]
Anode coating 2− 5 [21]
Anod. curr. coll. 380 385 [29]
Electrolyte 0.60 994.67− 1301.43 [27], [30]
Within the operating temperature interval of automo-
tive cells (between −15◦C and 50◦C) it is possible to
linearize both conductivity (k) and specific heat (cp) in
the form
k = mk · T + bk and cp = mc · T + bc (1)
3where m is the angular coefficient, b is a translation
coefficient and subscript k and c refer to conductivity and
specific heat respectively [21]. Constant thermal properties
cause a divergence of simulation results from experimental
data, as a cumulative error when modeling long drive
cycles can be substantial. The liquid-phase electrolyte fills
all internal regions of the cell. In the liquid phase, the
ratio between heat exchanged through conduction and
heat exchanged through convection is evaluated through
the Nusselt number (Nu) as
Nu = hL
k
(2)
where h is the convective heat transfer coefficient and L is
the characteristic length of the electrolyte layer [31]. Due
to the reduced thickness, values of Nusselt number are
in the 10−3 order of magnitude. Convective heat transfer
phenomena are therefore neglected and internal heat ex-
change is modeled as conduction only. The most common
electrolyte used in NMC Lithium-ion cells is a solution of
Lithium Hexafluorophosphate (LiPF6) in the ratio of 1
mole per liter using a 50-50 mix of Ethyl Carbonate (EC)
and Diethyl Carbonate (DEC) as a solvent. Porosity of
electrodes is taken into account in the equivalent conduc-
tivity. The cell is contained in an Aluminum enclosing can.
Specific heat and thermal conductivity of the enclosing can
can be assumed constant on the considered temperature
range. The thermal conductivity is 240W m−1K−1 and the
specific heat is 900 J kg−1K−1, density can be assumed to
be 2700 kg m−3 [28].
III. Derivation of an equivalent circuit model
ECM parameters are defined on the base of geometry
and ion concentration. The resistance (Rel) and the capac-
itance (CelLi+ and Cdl ) of the electrolyte and the capacity
of the double layer (Cdl) are
Cdl =
1
(1/Cinner) + (1/Couter)
= 1(r/ε) + (δ/ε) =
ε
r + δ (3)
Rel (xj) =
RT (xj)
cLi+ (xj)DLi+ (nF )2
· (xj − xj−1)−1 (4)
CelLi+ =
cLi+ (rj)
RT (xj) (nF )
·AS (xj − xj−1) . (5)
where ε is the permittivity in the mean, r is the particle
radius, assumed constant for the sake of this model,
and δ is the Debye length, obtained as explained below.
Permittivity is obtained as a product of dielectric vacuum
permittivity and relative permittivity of the material,
taken from literature. The term n refers to the number
of moles of active matarial calculated from the electrolyte
specifications. Debye length accounts for the maximum
distance for charge interaction and it is calculated as
follows [11]
δ =
√
RTε
2F 2c . (6)
Irregularities in cathode coating, irregularities in
graphite cores of electrodes, pollution in electrolyte and
tolerances on the percentage of electrolyte and solvent are
neglected. The molar mass of each electrode is calculated
from the percentage of materials composing them, proper-
ties were taken from literature [30]. The mass is calculated
from geometry and density of each layer. Porosity of
electrodes is assumed uniform throughout the cell. The
permittivity in the mean is calculated as follows
ε = εr · ε0 (7)
where εr is material relative permittivity and represents
the correlation between capacitance and the properties of
the material, while ε0 is the dielectric constant in vacuum
as per Table II. The resistance is also subject to the effect
of the time derivative of the temperature, through the
use of a corrective coefficient, for the example, a generic
resistance i of the ECM is corrected as follows:
RT correction = Reli
(
1 + αdTi
dt
)
(8)
where the coefficient α is a quadratic function of the time
derivative of the temperature in the local region of space
as in
α = a
(
dTi
dt
)2
+ b
(
dTi
dt
)
+ c (9)
The concentration is a linearized function of the State
Of Charge (SOC) as in the following equation:
cs, avg (t) = [SOC (t) (θ100% − θ0%) + θ0%] cs,max (10)
where the dimensionless Li concentration is obtained
as a ratio of actual concentration divided by maximum
concentration θ = cs/cs,max, in which cs,max is determined
according to the cell chemistry. The state of charge is
obtained from
SOC = SOCi − 13600 · Ccell
w
T
i · dt (11)
where SOCi is the initial state of charge, Ccell is the
cell capacity, T is the duration of the simulation and
i is the current at a given instant in time. The Open
Circuit Voltage (OCV) is obtained from a polynomial
interpolation from cell data as in:
OCV = p1SOC6 + p2SOC5 + p3SOC4+ (12)
+p4SOC3 + p5SOC2 + p6SOC + p7 .
Parameters are function of the discharge/charge rate.
However, for state of charge between 90% and 10%, the
curve appears to be translated by a fixed value, which is
linear function of the charge/discharge rate. It is possible
to identify a fixed voltage drop due to the increase of rate
and therefore, referring to the coefficients used at a rate
of 1C simplify equation (12) as
OCV = p1SOC6 + p2SOC5 + p3SOC4+ (13)
+p4SOC3+p5SOC2+p6SOC+p7+∆VC−rate·(1− Crate) .
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Summary of equation variables
Variable Symbol Value Units Reference
Equilibrium electrolyte concentration cLi+ 1.2 · 103 mol ·m−3 [9]
Electrolyte diffusion DLi+ 2.6 · 10−10 m · s−1 [9]
Faraday Constant F 96487 C ·mol−1 [32]
Universal contant of gases R 8.3143 J ·mol−1 ·K−1 [32]
Particle radius r 1.0 · 10−6 m [11],[9]
Dielectric constant in vacuum ε0 8.854 · 10−12 F ·m−1 [11],[9]
Material relative permittivity εr 20 F ·m−1 [11],[9]
Molar fraction θ Anode: 0.81 at SOC=100% − [33]
Cathode: 0.54 at SOC=100% − [33]
Such simplification, however, is not applied for the
sake of the experiments of this paper, rather relying on
different coefficients at different charge/discharge rates.
Temperature dependence of OCV can be considered as
well as a constant contribution for state of charge between
90% and 10%:
OCV = p1SOC6 + p2SOC5 + p3SOC4+ (14)
+p4SOC3+p5SOC2+p6SOC+p7+∆VT ·(T − Treference)
where Treference is a reference temperature, which in
the case of the cells examined in this work, is 25◦C.
IV. Energy equations and geometry-based
assumptions
Assuming uniform initial temperature and neglecting
variation of temperature in circumferential direction, for
the cylindrical cells the energy equilibrium is obtained as
follows:
ρcp
∂T (r, z, t)
∂t
= kr
r
∂
∂r
(
r
∂T (r, z, t)
∂r
)
+ (15)
+kz
r2
∂2T (r, z, t)
∂z2
−∇ · q¯ (r, z, t) .
In (15) , r, z and t are the radial, axial and time coordi-
nates, ρ is the density of the material, cp is the specific
heat, k is the thermal conductivity in directions r or z as
specified in the subscript, T is the temperature and q¯ is
the dissipated and absorbed heat power, averaged on the
analyzed volume. The general term q¯ is therefore obtained
averaging on the whole volume local q˙ terms. Properties
are calculated according to the previous section with data
from Table I. Each local q˙ is composed by more terms:
reaction heat (q˙r), phase change heat (q˙e), ohmic heat (q˙j),
contact ohmic heat occurring in current collectors (q˙cc)
and the dissipated heat (q˙diss) as follows:
q˙ = q˙r + q˙e + q˙j + q˙cc − q˙diss . (16)
The contribution of phase change heat has shown to
be negligible within the operating temperature range of
road vehicles. The thermal contact resistance rejected heat
is modeled through the current-collector resistances (cc
subscript in the diagram in Figure 2). With reference
to available literature, the terms of equation (16) are
expressed for each element [34]:
q˙cc = i2cc ·Rcc (17)
q˙r = As · ij (φsolid − φelectrolyte −OCV ) · xi (18)
q˙j = i2j ·Rj (19)
where resistance terms are expressed according to the
previously introduced formulae. AS is the active surface,
ij is the current in the considered element and φ are
the potentials of electrodes and electrolyte. Rcc is the
current collector resistance and Rj is the resistance of the
considered circuit element. Dissipated heat (q˙diss) is sub-
ject to boundary conditions and can occur either through
conduction or through convection. Battery cell supports
and electrical are also represented, in order to ensure an
accurate reproduction of the thermal behavior of the cell.
Physical properties are defined locally as introduced in
the previous sections. Boundary conditions are defined for
each discrete element. Radiation heat transfer is neglected,
as temperatures and temperature differences are too small
to make its contribution relevant.
V. Model description and implementation
Each direction is represented separately. Computational
effort is reduced and the different physics domains are bet-
ter synchronized. Each element of the ECM corresponds to
a IHTM element. A simulation library that can represent
different cell geometries and chemistries is generated. The
level of discretization is user-set. The equivalent circuit
model proposed in this study is represented in Figure 2.
The ECM models the behavior of different regions of the
battery: anode cathode and a separator between the two.
Anode and cathode are modeled in such a way that the
electrical interaction between electrode and electrolyte is
reproduced. Therefore the ECM features two capacitors, in
order to model double layer capacitance in the electrodes.
Such approach provides a good estimation of the voltage
profile in both charge and discharge cycles.
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Figure 2: Equivalent circuit scheme proposed.
Simplifications are applied to the energy equilibrium
equation, the term of divergence of the heat in (15)
becomes
ρcp
∂T (r, z, t)
∂t
= (20)
+kr
r
∂
∂r
(
r
∂T (r, z, t)
∂r
)
+ kz
∂2T (r, z, t)
∂z2
+ Q˙
V
.
(20) uses the total heat transfer Q˙ divided by the volume V
instead of using the term of volume-unit-specific heat. The
problem is formulated in the form of differential algebraic
equations, rather than on ordinary differential equations.
Although such approach leads to a more complicated
Cauchy problem, it allows a better discretization and the
use of computationally lean software platforms based on
Modelica language. The energy balance of the thermal
problem is defined according to a coordinate system that
assigns positive sign to heat generated by each element
(Q˙gen) and negative sign to heat dissipated by each ele-
ment to the nearby environment (Q˙diss) as
mtotc¯p
∂T¯
∂t
=
n∑
i=1
(
Q˙geni − Q˙dissi
)
(21)
where m is the mass of the element and n is the number
of discrete elements, Q˙gen is the heat generated in that
specific element, such information is obtained from the
ECM. The IHTM was implemented applying the prin-
ciples introduced in the above paragraphs, developing a
discretized model in a Modelica-based simulation platform
operating in multiple physics domains. A matrix of el-
ements is defined and temperature-dependent properties
are assigned to each of them. Boundary conditions and
interactions between each pair of elements are then set.
Physical properties are defined locally for each element,
effectively representing an anisotropic material as locally
isotropic. Discrete elements of the cell represent: (i) anode,
(ii) cathode, (ii) separators and (iv) electrolyte. The model
also features heat exchange with the external environment.
The interaction between liquid (iv) and solid phase in (i),
(ii) and (iii) is modeled with purpose-built discrete ele-
ments. Figure 3 shows how discrete elements are joined to
form an section of a battery cell on a plane perpendicular
to the axis. Figure 3, shows how the original spiral in
Subfigure 1 is simplified as a series of concentric cylinders.
Then in Subfigure 3 it is possible to see how just a
quarter of such section is considered. Each winding is then
composed by external separator, anode, internal separator
Figure 3: Cell discretisation strategy, including the cylin-
drical coordinates.
and cathode. Each section (outlined in Subfigure 4) is
reproduced with a discrete element composed by solid-
phase components (S) and liquid-phase components (L)
connected as shown in Subfigure 5. The section presented
assumes three discrete layers of axial discretization. The
cell is further discretized axially, simplifying the original
geometry (in Subfigure 6) as shown in Subfigure 7. Bound-
aries are included in the model, so that any supporting
structure can be represented. In doing so, thermal contact
resistance between the cell and any adjacent structure is
taken into account. In circumferential direction, as shown
in Subfigures 1 and 2, such discretization was allowed
by the reduced thickness. Such technique is reliable in
this scenario since the jelly roll has a high number of
windings and a reduced thickness per winding. Concerning
the top of the cell, the simplification of the geometry of the
positive connector still takes into account the mass of the
original component and, at the given level of discretization
it does not result in substantial modifications to the level
of accuracy. Symmetry does not affect geometry but allows
a leaner computation. The combination of simplification of
geometry and symmetry can result in neglecting an irreg-
ularity accounting for approximately 2% of the diameter,
with thickness being directly proportional to transferred
heat. The error is therefore negligible.
In each element the heat generation will be determined
by the ohmic component and the heat transferred will be
defined by the boundary which, within the cell, means heat
conduction. A single element of the cell will therefore be
defined as
mcp
∂Tbe
∂t
= Rel · i2 −
∑
j
kj · lelj ·
(
Tel − Tnej
)
(22)
6boundary conditions expressed according to cylindrical
coordinates illustrated in Figure 3
T (r, z, t) |t=0, r=0, z=0= T0 , (23)
∂T (r, z, t)
∂r
|t=0, r=0, z=0= 0 ,
T (r, z, t) |t=0, r=R, z=H= T0 .
Thermal properties calculation includes porosity and
mass percentages as follows:
kparallel = ψ · kf + (1− ψ) · ks (24)
kseries =
(
ψ
kf
+ 1− ψ
ks
)
where ψ is the porosity expressed in percentage and k is
the thermal conductivity. The specific heat of the discrete
element will be
cp =
cp, fρfφ+ cp, sρs (1− φ)
ρ¯
(25)
where
ρ¯ = ρfφ+ ρs (1− φ) .
where cp is the specific heat, ρ (ρ¯ when averaged) is the
density and φ is the percentage of liquid phase. Specific
heat in the electrolyte is defined as
cpelt = xsol · cpsol + xelt ·
(
mcpelt · T + acpelt
)
(26)
where cp is the specific heat, xsol and xelt are the per-
centages of each material, m and a are the angular co-
efficient and the offset of the specific heat of electrolyte.
The last two parameters are used since the temperature
dependency of electrolyte specific heat is linearized. As
it can be seen in (26), as a simplifying hypothesis, the
specific heat of the solvent was assumed constant. Such
approach allows a better representation of the internal
heat exchange within the battery cell with higher precision
than a simple weighted average of material properties.
This approach effectively reproduces the interaction of the
two phases in different directions in space, which would
not be allowed by other methods. The introduced model-
ing technique reduces computational costs on two fronts:
coupling of different physical phenomena and coupling of
different discretization scales. Working on coupled Cauchy
problems interacting with each other prevents the user
from relying on different solvers working in parallel. A
different scale of discretization can be allowed in the ECM
and in the IHTM, enabling for instance either a very
detailed IHTM coupled with a single bunch ECM or a
multi-bunch ECM coupled with a very rough IHTM or
even a very fine IHTM coupled with a multi-bunch ECM.
This model was implemented in a 1D system simulation
platform, based on Modelica language. Each model was
coded separately. A simple Graphic User Interface (GUI)
Figure 4: Block GUI of the Modelica model, the six solid
squares represent the exchange of heat generation informa-
tion between ECM and IHTM and basic code structure of
each model (bottom).
Figure 5: Case study, a minibus.
was implemented to interface ECM and IHTM, as shown
in Figure 4. As per Modelica standard procedure, the code
is divided into a constants definition section (parameters)
a variable definition section, an initial condition definition
section and an equation section, featuring the Cauchy
problem.
VI. A case study: 21700 cell
A commercial 21700 NMC cylindrical cell is examined in
this work. Each discrete element corresponds topologically
to a section of the equivalent circuit model. A section
is used to investigate internal heat transfer within the
cell, exploiting circumferential symmetry, as previously
explained. Vehicle considered was a small minibus, repre-
sented in Figure 5, with the characteristics summarized
in Table III. The current profile on the single cell is
calculated from the vehicle data and the battery layout.
First the power request is determined from the vehicle
specifications, from that, the pack current request was
obtained and, from the pack and module layout, the single
cell current profile was then obtained.
The initial state of charge of the cell was assumed to be
100%. The negative connection of the cell was placed on
the bottom, using a 21700-sized battery sled as a support
for the connections. Such components are used in the
assembly of small battery packs and can suitably represent
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Specifications of the vehicle considered.
Mass 2000 kg
Weight on front wheels 50%
Weight on rear wheels 50%
Final drive 2.71
Front section 1.8 m2
Aerodynamic drag coefficient 0.31
Rolling resistance coefficient 0.01
Slope 0%
Efficiency (motor+inverter) in drive mode 0.87%÷ 0.96%
Efficiency (motor+inverter) in regen mode 0.85%÷ 0.93%
Power regenerated while coasting 30%
(a)
(b)
(c)
Figure 6: Experimental layout: bi-directional power supply
and data acquisition platform, functional scheme (a), in
(b) power supply is on the left and thermal chamber is on
the right, inside the thermal chamber is showed in (c).
the behavior of battery pack supporting structures. The
battery cell and sled layout can be observed in Figure 6.
The cell and its connections were covered by a Calcium-
Magnesium insulating wool, with a thermal conductivity
of 0.04 W m−1K−1. In order to validate the model, three
Pico SE030 K-type thermocouples were mounted on the
side walls, at the negative connection, at half height and at
Figure 7: Current profile on the validation cycle, first 100
s only are represented in the picture for reasons of clarity.
the positive connection of the cell. An 8-channel Pico ther-
mocouple data logger was used to perform data acquisition
from the thermocouples. The experiments were performed
inside a thermal chamber, controlling the temperature
and the convection conditions and maintaining a constant
ambient temperature. The cell was tested at 15◦C. Cur-
rent was provided through a bi-directional power supply
controlled through a workstation. Two cases of study were
implemented from the above presented parameters and
with the introduced layout.
A. Validation cycle
The model was initially validated against an aggressive
current profile, alternating 10s of 1.5C discharging current
to 10 s of 0.5C charging, as shown in Figure 7 (the figure
shows the first 100 s only for reasons of clarity). The
battery was cycled for 1000 s. The voltage profile, shown
in Figure 8, except for some initial discrepancies, is well
reproduced. The test duration was determined by two
factors: i) not exceeding the temperature safety limit of
60◦C and ii) prioritizing the study of transient process.
Reaching steady state and allowing the temperature to
stabilize was considered to be the preferred option in
thermal studies. However, the degradation of the solid-
electrolyte interface occurring at high temperatures would
permanently damage the cell and significantly alter re-
sults. In addition, as serious safety concerns would be
raised at such temperatures, shorter tests were conducted
[6], [35]. Discrepancies never exceed 5% of the voltage
range. In Figure 9 it is possible to see a comparison of
the experimental capacity versus the simulated value. The
simulated capacity profile is more pessimistic than the
experimental value. However the maximum error is smaller
than 20mAh. Capacity is obtained from the state of charge
and therefore influences by current and resistance, the
latter being function of temperature.
Tests were performed at −10◦C (Figure 10), 0◦C (Figure
11), 12◦C (Figure 12) and 25◦C (Figure 13). At the
beginning of each test, a temperature difference between
the cell surface and the external environment ensured heat
exchange from the surface to the surrounding air. An
internal temperature gradient was also considered, in order
to provide a more realistic scenario. The final gradient and
8Figure 8: Simulated voltage versus experimentally mea-
sured voltage at 25 ◦C.
Figure 9: Capacity of the battery starting from 25◦C and
SOC = 85%.
the temperature value at each instant of time show a good
accuracy of the model in predicting the thermal behavior
of the cell.
Table IV
Validation cases.
Temperatures
Tcell Tambient ∆Tinternal
Scenario 1 25◦C 25◦C 0.1◦C
Scenario 2 −6◦C −10◦C 0.3◦C
Scenario 3 3◦C 0◦C 0.2◦C
Scenario 4 15◦C 12◦C 0.15◦C
The currentResults show a good accuracy of the model.
The largest discrepancy can be observed on the side of
the cell. Such difference between experimentally measured
and simulated temperature is most prominently due to
the modeling of boundary conditions. While defining the
conduction heat exchange at the positive and negative
connection is immediate, the side wall of the cell proves
to pose more uncertainty in the modeling of the contact
Figure 10: Temperature profile at −10◦C ambient temper-
ature.
thermal resistance between the insulating material and
the cell wall. The latter was overestimated in the model,
resulting in an error shown in Figure 13. The error,
after an initial overshoots, decreases, stabilizing around
27◦C, starting diverging again after 35◦C. The bottom of
the cell (negative connection) experiences the minimum
error. The error on the side walls, appears to be more
stable than elsewhere around the cell, implying that the
properties of the insulation are linear within most of the
considered temperature interval. The error subject to the
largest variation, although being in average quite small,
is the temperature error on the top of the cell (positive
connection). Reasons for such discrepancies can be the
variation in contact resistance due to the expansion of
the contact plate and the tolerances on dimensions and
material properties.
Temperature errors appear to be extremely limited. In
fact errors are within the confidence interval of sensors
assembled on vehicles, outside the controlled environment
of a laboratory. The least accurate is the test at −10◦C,
however such temperature is close to the lower limit
of the operating temperature range of automotive-grade
Lithium-ion cells. However, even in such condition the
error remains below 2◦C. The model can therefore be
considered suitable for heat exchanger sizing and thermal
management modeling.
B. Duty cycle 1
In the first case study, the cell was tested at 15◦C on
a Worldwide Light-Vehicle Test Cycle (WLTC) 3rd class
duty cycle. The current profile per cell was calculated on
the specifications of vehicle equipped with a battery pack
described in Table V.
9Figure 11: Temperature profile at 0◦C ambient tempera-
ture.
Figure 12: Temperature profile at 12◦C ambient tempera-
ture.
Power request of vehicle is shown in Figure 14. The
current profile in Figure 15, was calculated from motor and
power electronics data kindly provided by Arrival Ltd.,
the company that funded this project. Specifications are
showed in Table VI.
The motor and power electronics are currently used on
prototype vehicles by Arrival Ltd.. Current draw on each
cell was obtained by dividing the current profile by the
number of cells in parallel in total, accounting for both
Figure 13: Temperature profile at 25◦C ambient tempera-
ture.
Table V
Battery layout in duty 1.
Cells in parallel in a module 8
Cells in series in a module 12
Module capacity 40 Ah
Module specific energy 175.2 Wh · kg−1
Module voltage when fully charged 51 V
Modules in series in a pack 8
Modules in parallel in a pack 3
Pack capacity 120 Ah
Pack specific energy 168.2 Wh · kg−1
Pack voltage when fully charged 408 V
Cell capacity 5000 mAh
Cell nominal voltage when fully charged 4.25 V
the number of parallels within a module and the number
of modules in parallel.
Figure 16 compares measured with simulated voltage
when the battery is connected to the load. Discrepancies
are within the confidence interval of the in-built power
supply multimeter.
The diagram in Figure 17 represents OCV as a function
Figure 14: Resisting power profile in Case 1.
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Table VI
Powertrain specifications.
Axial flux Arrival motor
Maximum torque 300 Nm @ 1500 rpm
Minimum efficiency 85% @ 1500 rpm
Maximum efficiency 97.3% @ 3000 rpm
Peak power 150 kW @ 700 V
Figure 15: Current profile on a single cell on a WLTC 3rd
class drive cycle.
of percentage SOC and reflects manufacturer’s data.
The drop in SOC over the drive cycle is modest. Com-
parison of measured and simulated temperature profiles in
different regions of the cell are presented in Figure 18.
Discrepancy between measured and simulated tempera-
ture lies within the confidence interval of sensors and data
acquisition platform. The difference between measured
and simulated temperature remains below 0.3◦C, as in
Figure 19. The hottest spot of the cell is the positive
connection. This result was expected, since most of the
duty cycle consists of discharge. In addition, the negative
connection on the bottom effectively reduces collector
resistance. Results provide detailed information about the
temperature profile in different parts of the battery cell.
It is possible to observe how a current never exceeding
a discharge rate of 0.5C already causes an increase of
temperature of almost 0.5◦C over a time of 1800s. Limiting
the discharge rate could be an option to avoid the need
for cooling and effectively reduce energy consumption and
vehicle mass. However, such option would work only in
a narrow range of ambient temperatures. The internal
temperature gradient of the cell is the most interesting
result, by far. The arrangement of cells within a battery
module is influenced by the temperature gradient within
Figure 16: Measured cell voltage versus simulated voltage
at 15◦C ambient temperature.
Figure 17: Simulated OCV versus state of charge, for a
single cell in a pack, on a WLTC drive cycle: the graph
represents the range of voltage and state of charge in which
the simulation is run.
Figure 18: Temperature profile in different regions of the
battery cell at 15◦C, duty 1.
the cell. Such information is often obtained late during
the battery pack design procedure, with complex finite
element models and hardware validation on different lay-
outs. The methodology proposed in this paper allows the
definition of cell arrangement in early design phases, which
is novel with respect to traditional low-computational
effort models.
C. Duty cycle 2
The second validation case was performed on the same
vehicle, with a different battery layout according to Table
VII.
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Figure 19: Discrepancy between measured and predicted
temperatures
Table VII
Battery layout in duty 2.
Cells in parallel in a module 8
Cells in series in a module 12
Module capacity 40 Ah
Module specific energy 175.2 Wh · kg−1
Module voltage when fully charged 51 V
Modules in series in a pack 4
Modules in parallel in a pack 2
Pack capacity 80 Ah
Pack specific energy 156.7 Wh · kg−1
Pack voltage when fully charged 204 V
Cell capacity 5000 mAh
Cell nominal voltage when fully charged 4.25 V
The drive cycle for this case is composed by two low-
phase 3rd class WLTC cycles with 5 minutes of 1C-rate
charge in between. Power profile is shown in Figure 20.
Current profile is shown in Figure 21. Simulated voltage
is compared to measured voltage in Figure 22.
As in the previous case, results from the simulation were
compared to experiments. The temperature profiles are
shown in Figure 23.
The model reproduces well the temperature profile.
Discrepancies still lay in the interval of confidence of the
thermocouples. The sudden step increase in heat rejection
is well reproduced. The model proves to be resilient to sud-
Figure 20: Resisting power profile in duty 2.
Figure 21: Current profile for duty 2.
den changes in current profile. Results show a greater heat
rejection while charging as expected. The cause of that are
the different resistance values in anode and cathode and
the different materials used in the two tabs. The hottest
spot of the cell is the positive connection. Results show the
importance of cooling while charging batteries. The model
spots the instant in time when the cooling system needs
to be triggered in order to avoid a sudden increase in cell
temperature. This implies that the model can be used in
cooling systems simulation on a system-level simulation
platform. This model decreases computational costs and
increases accuracy of results.
D. Computational effort
Simplifying hypotheses taken on the geometry are ef-
fective in reducing computational cost without affecting
accuracy. The CPU time usage, monitored on a Windows
7 operating system, with an Intelr CoreTM i7-6700HQ
CPU, working at a frequency of 2601 Mhz with 4 cores
and 8 logical processors showed a maximum use of the
CPU of 16% on a single logical processor, while simulating
a single cell. Therefore the developed simulation library
can be effectively run on mainstream commercial devices.
Figure 22: Measured cell voltage versus simulated voltage
for duty 2.
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Figure 23: Temperature profiles in different regions of the
cell, duty 2.
Computational time allows the integration in a full-scale
vehicle simulation. As a term of comparison, a 5-cell stack
CFD model inclusive of a thermal management system re-
quires 14 hours of computation for a 3500 s long simulation
at constant current discharge, on a 5-core Intel i7 CPU
[36]. The run time of the model presented in this paper is
less than 60 s for a single cell. The model is accurate and
fast and provides data suitable for heat-exchanger sizing.
VII. Conclusions
This paper introduced a multi-domain battery electro-
thermal modeling methodology. The technique is based
on the use of network of lumped masses. The interaction
between different phases is taken into account by repre-
senting each lumped element as a parallel of liquid- and
solid-phase element. As an outcome, the model is capable
of representing the temperature profile in different regions
of the cell with a minimal error. The main advantages
are therefore i) computational leanness and ii) accuracy of
temperature profiles. A representation of cell boundaries
is also included. Such methodology is therefore suitable
for heat exchanger sizing and cooling strategies planning.
The cell model was developed with a noncausal modeling
language. Hardware requirements are low and the sim-
ulation does not require high-performance devices. The
models and boundary condition used proved to be robust
and accurate, as the comparisons with the experiments
conducted on battery cells for the two duties showed only
small temperature differences, on average under 0.2◦C and
never more than 0.5◦C. The main application of this model
is battery thermal characterisation and heat exchanger
sizing for the next Arrival vehicles. Defining the general
layout of a battery thermal management system with
less uncertainty helps in saving much time in the design
process. A clearer layout definition results in better defined
component requirements. This cuts development time and
costs by reducing the number of iterations typically re-
quired. A limit of the model is the necessity of being
provided with physical properties of several different mate-
rials. However, a combination of material data provided by
the manufacturer and material specifications available in
literature, appears to provide a reduced error in voltage
and temperature profiles. Future work will include the
development of a whole battery module simulation. A
heat exchanger model will be interfaced with the battery.
Different cooling strategies will be compared on the same
case study vehicle.
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